Introduction
Microstructure design is a key technology for ferritic steels to obtain high strength and high ductility/toughness, where heterogeneous plastic deformation behavior related to microstructural features is important to be made clear. The plastic deformation unit of ferrite steel is "grain" and hence the yield strength is generally described by the HallPetch relationship. 1, 2) The lath martensite is characterized by high dislocation density and hierarchical microstructure. According to recent studies, the lath martensite structure consists of lath, sub-block, block, packet and prior austenite grains.
3) Plastic flow is believed to start in some preferentially oriented lath grains and then propagate to sub-block boundary. Since sub-block boundary shows a misorientation of about 10 degrees, slip would stop at sub-block boundary and then at block boundary when deformation is progressed. Therefore, so called "effective grain size" i.e. plastic deformation unit must change with plastic deformation from micro-yielding to macro-one. In case of asquenched martensite, many transformation-induced dislocations are mobile from the beginning. Therefore, deformation behavior of the as-quenched martensite must be different from tempered martensite with a small number of mobile dislocations. The pearlite steel is composed of ferrite and cementite with a multi-scaled microstructure consisting of lamellar colonies in a block, in which ferrite orientation has been thought to be identical. The unit of plastic flow is speculated to be either lamellar colony or block.
The relationship between microstructure and deformation behavior has been studied so far mainly by using observations with several kinds of microscopes or X-ray diffraction. The microstructural information obtained by the former is limited to local area and that by the latter is surface layer. The neutron diffraction method can overcome this limitation, due to the considerably greater penetration depth of more than 10 mm for steel compared to approximately several 10 mm for X-rays. 4) That is, neutron beam penetrates the whole gauge volume of a tensile specimen and hence the diffraction profiles obtained are bulky average, which is closely corresponding to macroscopic mechanical behavior.
As schematically illustrated in Fig. 1 February 4, 2008 ) Tensile behavior was investigated by using in situ TOF neutron diffraction comparatively for ferritic steels; ferrite (F), as-quenched martensite (QM), tempered martensite (TM) and pearlite (P) steels. Changes in lattice spacing, diffraction intensity and FWHM with increasing of the applied stress were measured. Preferential plastic flow takes place depending on crystal orientation, so that intergranular stresses are yielded due to the misfit plastic strains in differently oriented [hkl] family grains for steel F, in blocks for the other steels. Because of the existence of cementite in steels TM and P, phase stresses are superposed upon the intergranular stresses. When the averaged phase strain is subtracted from the measured lattice strain, the trend in generation of intergranular strain in steel TM is similar to that observed in steels F and QM, while that in steel P differs from the other steels. The changes in [hkl] diffraction intensity and FWHM with tensile deformation are similar in steels F, TM and P, while those in steel QM are different from the others. FWHM decreases with tensile deformation suggesting the decrease in dislocation density in steel QM. That is, dislocations induced during martensitic transformation move preferentially and are annihilated by coalescence of dislocations with different signs in the beginning of deformation and hence transformation induced dislocation structure changes to deformation induced one that shows lower dislocation density but higher resistance to tensile flow. The preferential movement of transformation induced dislocations in steel QM leads to a different texture evolution which is recognized from the change in diffraction intensity with tensile deformation.
grains), diffraction intensity (grain rotation) and FWHM (dislocation density and grain size) can be followed in the axial and transverse directions simultaneously during tensile deformation by neutron diffraction. The tensile behaviors of four ferritic steels; IF steel (steel F), asquenched 18Ni martensite steel (QM), the quenched-tempered low alloy steel (SCM440: TM) and pearlite steel (P) were studied with this technique and the differences in these steels were discussed in this paper.
Experimental Procedures
An interstitial-free steel (steel F), 18Ni as-quenched martensite steel (QM), quenched and tempered low alloy steel (TM) and pearlite steel (P) were used in this investigation. Their chemical compositions are tabulated in Table 1 . Steel F was prepared by hot-rolling at 1 273 K to plates with 30 mm in thickness after solution treatment at 1 523 K for 3.6 ks. Two martensite steels were quenched into water after solution treatments at 1 373 K for 1.8 ks (steel QM) or 1 118 K for 1.8 ks (steel TM) to obtain lath-martensite microstructure. Then, steel TM was tempered at 823 K for 3.6 ks. Steel P was austenitized at 1 273 K for 0.6 ks followed by isothermal holding at 823 K for 1.2 ks and then air-cooled.
Cylindrical tensile specimens with 3 mm in diameter and 25 mm in gauge length were machined after the above heat treatments. The in situ TOF neutron diffraction during tensile loading was performed by using Sirius at the High Energy Accelerator Research Organization, Japan (KENS/ KEK). A tension tester was made in such a way that the central position of a specimen does not move when a specimen is elongated. The geometrical arrangement for diffraction measurement in the axial and the transverse directions of the specimen is illustrated in Fig. 1 . The sampling volume for neutron diffraction is about 70 mm 3 at the parallel portion of the tensile specimen, so that bulky averaged information is obtained. Figure 2 shows the crystal-orientation map obtained by FESEM-EBSD. As seen, steel F is characterized by differently oriented ferrite grains. Steels QM and TM are lath martensite which is composed of lath, sub-block, block, packet and prior austenite grain. The microstructure of steel P consists of ferrite/cementite lamellar colony, block and prior austenite grain. Cementite particles or plates were confirmed in steel TM or steel P by observations with SEM and TEM. From a diffraction point of view, grain in steel F and block in steels QM, TM and P are believed to be an essential unit. Individual lath and sub-block might not be distinguished because of small angle boundaries between them in the martensite steels, QM and TM. As has been reported, the crystal orientation of a martensite block is not uniform but subdivided into sub-blocks. Similarly, looking carefully at Fig. 2(d) , it is found the crystal orientation in a pearlite block is not uniform although it has been considered to be identical so far. 5) Nevertheless, the lamellar colonies in a block cannot be distinguished by diffraction because of small orientation gradient as seen in Fig. 2(d) .
Results and Discussion

Microstructures and Stress-Strain Curves
A discontinuous yielding was observed in steel TM while continuous in the other steels as shown in Fig. 3 
Diffraction Profiles Obtained by in Situ Neutron
Diffraction during Tensile Deformation Examples of diffraction profiles obtained for steels QM and TM are presented in Fig. 4 . The hkl peak intensities in the axial and transverse directions are nearly identical, indicating weak texture. Cementite volume fraction was determined to be 4.5 % by the Rietveld refinement for steel TM. On the other hand, only martensite peaks were observed in steel QM in (a). Figure 5(a) shows the change in martensite 110 diffraction profile with the applied stress in steel QM. It is found that the peak moves towards the wider spacing side in the axial direction while the narrower in the transverse, with loading. When unloaded, the peaks move back towards the opposite side. Such peak shifts with loading and unloading were examined for the other diffraction peaks of 200, 211, 220, 310 and 321 for the four steels. Figure 6 shows the lattice strain determined from shifts of (110) In case of steel QM observed in Fig. 6(b) , the behavior is very similar to steel F. The determined E 110 and E 200 are almost same with those for steel F. The residual strains are also comparable in steels QM and F (note that the scale is different in Figs. 6(a) and 6(b) ). In order to compare clearly, the residual strains are replotted in Fig. 7 . In steel F, the unit of plastic flow is "grain" at least in the beginning of deformation but "block or sub-block" in steel QM in which lots of transformation induced dislocations exist from the beginning. Hence, the heterogeneity in plastic flow with respect to [hkl] oriented grains is speculated to differ from each other, but its influence scarcely appear in lattice strain behavior.
Lattice Strains under the Applied Stress
In steel TM presented in Fig. 6(c) , the behavior after YS is different from the previous two steels. As seen, the lattice strains in both (200) and (110) decrease after YS and the residual strains are commonly compressive. Although the shift in cementite diffraction peaks could not be followed because of small volume fraction as mentioned above, the residual strain in cementite is believed to be tensile predicting from many studies on high carbon bearing steels. [7] [8] [9] [10] The difference between (200) and (110) lattice strains after unloading is small compared with phase stress. When the averaged phase strain is subtracted as is drawn in Fig. 9 as was done by Oliver et al., 7) the balance for (110) is compressive while that for (200) is tensile, showing a good coincidence with the intergranular strains observed in steels F and QM, where the average is estimated from the measured lattice strains and cementite volume fraction.
In steel P, the behavior after YS is similar to that of steel TM. Because of phase stresses in cementite and ferrite, the residual (hkl) lattice strains in ferrite have been reported to be all compressive and the intergranular stress seems to be much smaller than phase stress similarly to the case of steel TM. The phase strains were also estimated and drawn in Fig. 7 . For a direct comparison of intergranular strains, the average phase strains as determined by the Rietveld refinement have been subtracted. Different from steel TM, the balance after subtracting the average phase strain from the measured lattice strain for (200) is compressive and that for (110) is tensile, which is reverse of the results in the other steels. However, this is consistent with the results reported by Oliver et al. for high carbon steel with spherical cementite particles. 7) They evaluated influence of phase strain by simulation using EPSC model coupled with FEM. They have claimed the different trend in intergranular strains in the high carbon steel is caused by elastic anisotropy related to large phase stresses. It should be noted the residual strains in the transverse direction are higher than there.
In steel P, the lamellar colony is speculated to be more basic unit of plastic flow than block. The declination of cementite plate in pearlite colony with respect to the tensile direction is believed to be very influential factor for plastic deformation. This may be another possible reason of the characteristic intergranular strains in steel P.
Full Width at a Half Maximum (FWHM) under
the Applied Stress Figure 8 shows the change in FWHM during tensile deformation in ferritic steels. FWHM is usually related to grain size and dislocation density. Here grain size does not change because of small plastic strain, so that the change in FWHM must be caused from the change in dislocation density. As seen in (a), (c) and (d), FWHM is hardly changed before YS because of little plastic flow. After the onset of plastic flow, FWHM increases rapidly indicating an increase in dislocation density with increasing of plastic strain, commonly in the three steels, F, TM and P.
To be noted here is the behavior found in steel QM in Fig. 8(b) . The FWHM decreases with deformation, as is commonly confirmed in three (hkl) diffraction profiles. The result obtained in the transverse direction was almost identical with Fig. 8(b) . Dislocations induced by martensitic transformation must be rearranged and some are annihilated during plastic deformation, where the resistance to plastic flow becomes higher with deformation although the dislocation density is lowered. Such unusual behavior has firstly been found by Nakashima et al. 11, 12) When this QM steel was subjected to rolling, the FWHM was found to decrease in the beginning but increase by heavier deformation like 80 % in reduction as presented in Fig. 9 which was obtained by the neutron angler dispersion method 13) . Therefore, dynamic recovery (annihilation and rearrangement of dislocations) and work-hardening occur simultaneously in steel QM.
(110) Diffraction Intensity Change with Plastic
Strain Figure 10 shows the 110 diffraction integrated intensity as a function of plastic strain for the present four steels. The change in the hkl intensity indicates grain rotation by slip. As seen, the intensity increases with plastic strain com- 9 . Change in FWHM with cold-rolling for steel QM [13] . monly in steels F, TM and P. Here, very unusual behavior is found in steel QM in which the 110 diffraction intensity decreases with increasing of plastic strain. This suggests that the dislocations induced by martensitic transformation move in the beginning of deformation; slip systems operated are different from the other steels cases, resulting in different grain rotation. It has been known that martensite lath structure changes easily to deformation cell structure by rolling. 14) Texture evolution in steel QM must be different from annealed ferrite steels because transformation induced dislocations are mobile.
Conclusions
Multi-scaled heterogeneous plastic deformation behaviors in ferrite (F), as-quenched martensite (QM), quenched and tempered martensite (TM) and pearlite (P) steels were studied by means of in situ neutron diffraction during tensile deformation. The followings are main conclusions obtained.
(1) Preferential plastic flow takes place depending on crystal orientation, so that intergranular stresses are yielded due to the misfit plastic strains in differently oriented [hkl] family grains for steel F, in blocks for steels QM, TM and P.
(2) Because of the existence of cementite in steels TM and P, phase stresses are overlapped to the intergranular stresses. When the averaged phase stress is subtracted, the trend in generation of intergranular stresses in steel TM is similar to that observed in steels F and QM, while that in steel P differs from the other steels.
(3) The changes in hkl diffraction intensity and FWHM with tensile deformation are similar in steels F, TM and P, while those in steel QM are very different from the others. The FWHM decreases with tensile deformation suggesting the decrease in dislocation density in steel QM. That is, dislocations yielded during martensitic transformation move in the beginning and are annihilated by coalescence of two dislocations with different signs and hence the transformation induced dislocation structure changes to the deformation induced one that contains lower dislocation density but is stronger for tensile flow.
(4) Because lots of mobile dislocations exist from the beginning in steel QM, the crystal rotation with respect to slip is different from usual cases as observed in steels F, TM and P. It leads to the different texture evolution in steel QM which is recognized from the hkl diffraction intensity changes.
